Collagen IV networks are ancient proteins of basement membranes that underlie epithelia in metazoa from sponge to human. The networks provide structural integrity to tissues and serve as ligands for integrin cell-surface receptors. They are assembled by oligomerization of triple-helical protomers and are covalently cross-linked, a key reinforcement that stabilizes networks. We used Fourier-transform ion cyclotron resonance mass spectrometry and nuclear magnetic resonance spectroscopy to show that a sulfilimine bond (-S=N-) crosslinks hydroxylysine-211 and methionine-93 of adjoining protomers, a bond not previously found in biomolecules. This bond, the nitrogen analog of a sulfoxide, appears to have arisen at the divergence of sponge and cnidaria, an adaptation of the extracellular matrix in response to mechanical stress in metazoan evolution.
development of mammalian neuromuscular junction (4) , and they are involved in autoimmune and genetic diseases (5) (6) (7) . The networks are assembled by oligomerization of triple-helical protomers by end-to-end associations and by intertwining of triple helices (8, 9) . At the C-terminus, two protomers associate through their trimeric non-collagenous (NC1) domains forming a hexamer structure. The protomer-protomer interface is covalently cross-linked, a key reinforcement that strengthens the structural integrity of networks. In the case of humans, the cross-link also confers immune privilege to the collagen IV antigen of Goodpasture autoimmune disease (10, 11) .
The chemical nature of these cross-links has been the subject of numerous investigations for two decades; yet, the identity of the covalent bond has remained unknown. Initially, the cross-links were identified as disulfide bonds (12) , which were subsequently ruled out by the x-ray crystal structure of NC1 hexamers (13, 14) . Electron density maps suggested connectivity between methionine-93 (Met 93 ) and lysine-211 (Lys 211 ) at the interface of adjoining protomers (14) ; however, the connectivity is gradually degraded by x-rays, rendering precise characterization a challenge for structural analysis by crystallography (15, 16) . Using mass spectrometry (MS) analyses of crosslinked tryptic (Tp) peptides and a smaller crosslinked post-proline endopeptidase (PPE) peptides, both derived from the 1 2 1 collagen IV network of placenta, we found that Lys 211 is modified to hydroxylysine (Hyl 211 ) and that Hyl 211 is covalently linked to Met 93 forming a S-hydroxylysyl-methionine (sHM) cross-link (17) . In the 3 4 5 network (10), we found that the sHM crosslink connects the 3 and 5 NC1 domains, but the 4 NC1 domains are connected by a S-lysylmethionine cross-link, involving Lys 211 instead of Hyl 211 , indicating that this posttranslational modification is not a requirement for cross-link formation (10) . The nature of the bond linking Met 93 and Hyl 211 could not be determined at that time because the observed difference of one mass unit between the uncross-linked and cross-linked peptides fell within experimental error.
Herein, we deduce the chemical nature of the bond using Fourier transform ion cyclotron resonance (FTICR) (18) , which can achieve very high mass accuracy (e.g. < 2 ppm, approximately ±0.001 mass units for a peptide with a mass of ~5,000), and NMR spectroscopy to analyze cross-linked Tp-peptides, derived from the 1NC1-1NC1 dimer. Table 1 shows the mass values for the multiple-charge states (+4, +5, and +6) of the crosslinked Tp-peptide. For each charge state, ten consecutive scans were averaged to obtain the observed monoisotopic mass value of 5010.471 ± 0.022 (Table 1' ). This value is 2.017 mass units lower than the theoretical total mass (5012.486) of the two constituent tryptic peptides, a Met 93 -containing peptide (T-3599.688) and a Hyl 211 -containing peptide (T-1412.777), which were previously described (17) .
To determine the location of modifications that lead to the loss of 2.017 mass units, the tryptic complex was analyzed by collision-induced dissociation (CID) MS 3 fragmentation analysis. The mass-to-charge ratio m/z of 1003.1014 (+5) ion was selected for MS 2 fragmentation, which generated a m/z 730.399 ion, corresponding to the T-1412.799 peptide plus 45.984 mass units and a m/z 1184.900 ion, corresponding to the T-3599.689 peptide that lost 48.013 mass units (Fig. 1A) . To locate these mass changes to specific residues, the m/z 730.3994 and 1184.900 ions were selected for further CID (MS 3 ). The y-and b-series of the spectra confirm not only the sequence of the T-1412.799 peptide, but also that the location of the mass change of +45.984 corresponds to the side chain of Hyl 211 (Fig. S1A ). The MS 3 fragmentation profile for the m/z 1184.900 ion also verified the peptide sequence, and localized the loss of 48.013 mass units to Met 91 or Met 93 (Fig. S1B) . A smaller crosslinked PPE-peptide complex derived from the cross-linked Tp-peptides ( Fig. S2 ) confirmed that the loss of 48.013 mass units is localized to the side chain of Met 93 . An analogous fragmentation has been observed in methionine sulfoxide containing peptides that undergo concomitant neutral loss of methane sulfenic acid (CH 3 SOH) (19, 20) . In this case, however, this group remains attached to the side chain of Hyl 211 , demonstrating the covalent nature of the interaction between Met 93 and Hyl 211 . These findings for the crosslink in the 1NC1-1NC1 dimer are identical to that for the 2NC1-2NC1 dimer (Fig. S3) An overlay of correlation spectroscopy (COSY) and heteronuclear multiple quantum correlation ( 1 H-13 C HMQC) spectra of the cross-linked Tp-peptides was used to evaluate the chemical shift of the methyl group of Met 93 ( Fig 1B and Fig S4A) . (Fig S5) .
The collective evidence from the MS and NMR indicates the existence of a sulfilimine bond in the cross-linked Tp-peptides (Fig 2A) . Mass spectrometry analysis revealed that the linkage between Met 93 and Hyl 211 is characterized by the loss of two hydrogen atoms, which is consistent with oxidation resulting in a double bond connecting the sulfur atom of Met 93 and the nitrogen atom of Hyl 211 (Fig 2A) . The MS 2 fragmentation of the tryptic complex can be explained by a concerted process in which a -hydrogen is taken up by the nitrogen, which leads to the cleavage of the bond between sulfur and -carbon of Met 93 (Cope elimination) (21) . This syn elimination is also observed in the fragmentation of methionine sulfoxide and is analogous to the Cope elimination of amine oxides. The resulting products, an olefin fragment and a methylsulfenamide fragment, are shown in Fig  2A. The sulfilimine structure is further supported by a down-shifted methyl peak in the NMR spectrum of the cross-linked Tp-peptides, which is consistent with the shift of the methyl group of S-methylisothiazolidinium nitrate ( 1 H 2.78 ppm).
Although a sulfilimine bond has not been reported in any native biomolecule, they occur in other molecules (22) . They are the nitrogen analog of sulfoxides, S(IV), and are also known as sulfur-nitrogen ylides. Most sulfilimines that have been reported are stabilized by strong electron withdrawing groups on the nitrogen end of the sulfilimine linkage (23) . However, cyclic sulfilimines derived from the oxidation of methionine analogs by I 2 have been characterized in detail as their isothiazolidinium salts following protonation of the nitrogen (24, 25) . These studies showed direct bonding of the nitrogen and sulfur atoms and a new stereogenic center at the sulfur atom, consistent with the two methyl resonances seen by NMR. In the case of collagen IV, sulfilimine crosslinks are likely to be formed through a 2 electron, heteroatom transfer class oxidation (26) . For example, the Met 93 sulfide could react with a chemical or enzymatic oxidant to form a transient, sulfur-(IV) sulfonium intermediate, which is captured by the Hyl/Lys 211 amine to form the sulfilimine. The latter Sn2-like step entails inversion at sulfur as the S-X bond breaks heterolytically, and is analogous to the known oxidation of free methionine to dehydromethionine mediated by iodine (25) . This sulfilimine linkage may not occur only in collagen IV but in other proteins as well.
Sulfilimines are reduced by thiols to yield the parent amine and thioether groups (23) . Thus, the susceptibility of the cross-linked Tp-peptide to dithiothreitol (DTT) reduction was evaluated (Fig. 2B) . Partial reduction was achieved with 100 mM DTT at room temperature and complete reduction at 80 °C at pH 7.8. Mass spectrometry analyses revealed that DTT breaks the cross-link with the concomitant generation of the T-3599 and T-1412 peptides with complete recovery of both Met 93 and Hyl 211 , respectively (Fig 2, A and B) . The susceptibility of the cross-link to reduction is comparable to that of disulfide bonds of insulin (Fig S6) . Because the cross-linked Tp-peptides do not contain cysteines ( Fig. 2A) , these results provide further support for the existence of a sulfilimine bond between Hyl 211 and Met 93 .
The location of the sulfilimine linkage within the 1 2 1 collagen IV network is shown in Fig 3. Up to six sulfilimine bonds fasten the interface of the trimeric NC1 domains of two adjoining protomers, reinforcing the quaternary structure of the networks. Furthermore, the sulfilimine bond also occurs in the 3 4 5 collagen IV network (Fig S7) because fragmentation pattern of its cross-linked tryptic peptides (10) is identical to that of the 1 2 1 network described herein.
The sulfilimine bond likely occurs in diverse metazoan species. NC1 dimer subunits, a signature structural feature indicative of cross-links, have been identified in collagenase digests of basement membranes including human (27) , bovine (27) , dog (28) , and mouse (27) . Furthermore, a phylogenetic analysis of the Lys 211 and Met 93 residues, based on a multiple sequence alignment of the NC1 domain across the metazoan phylum ( Fig. 4 and (29)), revealed that the sulfilimine bond may occur in many metazoans, except in hydra, flatworm, sponge, and placozoa. A further comparison of the sequence motif (X-K-A/S/G) that confers hydroxylation of lysyl residues by lysyl hydroxylase (30) occurs in the NC1 domains of all metazoa except hydra, sponge and placozoa. The motif is also absent in the 4 NC1 domain of human, mouse, bovine and chick, which in the case of bovine Lys 211 does not undergo hydroxylation and leads to the formation of sKM cross-link (10) . In one species of the phylum cnidaria, Nematostella vectensis, both Met 93 and Lys 211 and the hydroxylation motif of Lys are conserved (Fig 4) , suggesting that the sHM cross-link appeared at the time of the divergence of sponge and cnidaria, an apparent evolutionary adaptation that arose in response to mechanical stress on organisms.
One sentence summary
A novel sulfilimine bond was identified as a key reinforcement of an extracellular matrix protein, collagen IV, an apparent adaptation crucial for metazoan evolution.
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Refer to Web version on PubMed Central for supplementary material. .488 corresponds to the total theoretical mass of both peptides. The sulfilimine double bond crosslinking the tryptic peptides is shown. The difference between the theoretical (theo) and observed (obs) mass reveals that two hydrogen atoms are lost upon sHM crosslink formation. Fragmentation of the sulfilimine bond by CID produces peptide fragments containing an olefin fragment derived from Met 93 and a methylsulfenamide fragment derived from Hyl 211 as a result of the "Cope elimination" event in the gas phase. However, chemical reduction with DTT, formally involving addition of 2 H-atoms, severs the sulfilimine link and recovers Met 93 and Hyl 211 , as indicated below. B) Cross-linked Tppeptides were separated by gel filtration chromatography before (green) and after incubation in 100 mM DTT at room temperature (red) and 80 °C (blue). The arrows indicate the identity of each chromatographic peak as revealed by MS analysis. 
